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NOVEL FEATURES OF POTASSIUM AND SODIUM VIBRATIONS ON COPPER SURFACES OBSERVED BY HIGH-RESOLUTION ELECTRON-ENERGY-LOSS SPECTROSCOPY
Costanza Astaldi, Petra Rudolf and Silvio Modest? Laboratorio TASC-INFM, Padriciano 99, I-34012 Trieste, Italy
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High-resolution electron-energy-loss spectra of alkali metals adsorbed on Cu show three unexpected features: the adsorbate-substrate stretching frequency does not change with coverage, within 1 meV on Cu(ll1) and Cu( 1 lo), in agreement with the covalent picture of chemisorption; the spectra show an unusual overtone which is interpreted as a consequence of a strongly non linear relationship between the surface dipole moment and the adsorbate-substrate distance; the dynamical dipole moment is strongly coverage dependent.
The properties of alkali metal overlayers on metallic surfaces have generally been explained on the basis of the charge transfer modell-4.
According to this picture the bond between an alkali atom and the metal substrate is mainly ionic at low coverages, i.e. long nearest neighbor distances between adsorbed atoms, and becomes covalent at high coverages. This change in bonding results from the partial filling of the alkali atom s resonance which, with increasing coverage, is shifted across the Fermi level by the larger depolarization field of the neighboring adsorbed atoms.
In contrast with this model, self consistent calculations5-7 have shown that the bond between the substrate and the alkali atom is covalent at all coverages and that the charge transfer is negligible.
Recent photoemission and inverse photoemission studies of alkali metal overlayers on Al( 11 l)gy9 reported an energy shift of the s and p resonances as the coverage is increased. This was interpreted either as the transition from ionic to covalent bondinggl9, corroborating the charge transfer model, or, in agreement with the self consistent calculations, as the first direct observation of the increase of adatom bandwidthslo. Moreover, photoemission studies of W and Ag core levels1 1,12 have not found any evidence for charge transfer from the adsorbed alkali atoms to the substrate at any coverage, supporting the covalent picture.
A different test for the validity of the calculation on which this picture is based is provided by the vibrational spectroscopy of the alkali overlayer: Ishida, in fact, predicts for Na on jellium6 only a slight decrease of the stretching frequency (17 meV) as a function of 0. Even if no surface phonon calculation has been done in the framework of the charge transfer model, it is plausible to expect a sensible change in the vibrational spectrum as the surface bonding changes from ionic to covalent. An examnle of the changes in thk vibrational properties of surface systems induced-by variations of the ionicitv of the surface bond is orovided bv the SEXAFS and HREBLS studies of S and Cion Ni(lOd) and Cu( 100)13.
In the present work we report on a high-resolution electron-energy-loss spectroscopy (HREELS) study of the vibrational suectra of Na and K on Cu(100). Cu(ll1) and unreconstructed Cu( 110) (Na and K dosed at 9d K) measured at F. We find no coverage dependence of the Na-Cu stretching frequency on all surfaces (within our experimental accuracy, i. e. 1 meV). The K-Cu vibrational frequency is constant on Cu(ll1) and Cu( 110) and depends only slightly on 0 on Cu(100) for 0 < 0.02. The scattering cross section per alkali atom is instead found to decrease by more than one order of magnitude when the alkali-alkali distance decreases. This behavior is much more dramatic than what is expected from the built-up of the depolarization field due to long range electrostatic interaction between adsorbatesl4, pointing to the occurrence of a large charge redistribution at about l/5 of the saturation coverage. Furthermore we observe an additional peak in the HREELS spectra at an energy twice that of the alkali metal -Cu stretching mode. The intensity of this peak and the absence of higher order overtones indicate that this loss cannot be due to an anharmonicity of the potential energy curve. We interpret it therefore as a result of the strong non linearity of the alkali dipole moment as a function of adsorbate-substrate distance.
The Cu (loo), (111) and (110) surfaces were oriented within 0.70 and cleaned through cycles of Ar+ sputtering at 550 K and annealing at 700 K until no contaminants were detected by Auger spectroscopy and sharp LEED spots were observed.
The HREELS spectrometer, a standard ELS 22, was operated at a working pressure of 4x10-11 mbar with an energy resolution of 4-6 meV. The spectra were taken with primary energies of 2.2 and 1.7 eV in the specular direction (incidence angle 600). The samples were biased to compensate for work function changes. Cleaning, alkali metal deposition and sample characterization were carried out in a separate chamber. The alkali metals were evaporated from SAES dispenser sources at a rate of 10-3-10-2 ML s-l (ML = monolayer). The higher than 3x10-1 8 ressure during evaporation was never mbar and drODDed to 1x10-10 mbar afler turning off the source.
. . contaminants (CO, H, 0) . After longer exposure to residual square root of the ratio of the alkali metal masses, and the loss intensities are strongly peaked in the specular direction, the observed peaks can be straightforwardly attributed to the dipole active adsorbate-substrate stretching mode.
gasses we observed changes in the'lnten&ies of the peaks (especially at high alkali coverages), but not in their energies. These changes were related to the appearance of contaminant peaks in the loss spectra. EELS spectra of the K 3p core level to conduction band excitations were taken using a 4 grid LEED apparatus with an energy resolution of about 0.5 eV and primary energy of 100 eV.
The coverage 0, defined with respect to the density of copper atoms in the topmost atomic layer, was determined by measuring the ratio R of the intensity of K (Na) Auger signal at 250 eV (990 eV) and the 920 eV Cu Auger signal. The proportionality constant between R and 0 was calculated by using the assumption that the first change of slope in the R vs. evaporation time curve occurs at the completion of the first layer, which corresponds to 0 = 0.6 (0 = 0.8) for K (Na) on Cu(ll0) and 0 = 0.3 (0 = 0.5) for K (Na) on Cu(ll1) 15. On the Cu( 100) surface the hexagonal and ~(2x2) LEED patterns observed for the K (corresponding to 0 = 0.316) and Na saturation coverage respectively, were used to determine the proportionality constant. Fig. 1 shows some typical HREELS spectra of the clean and alkali metal covered Cu surfaces measured at 300 K (Cu(lOO) and Cu(ll1) ) and 90 K (Cu(1 IO) ). The spectrum of the clean Cu(ll0) substrate (curve a) is characterized by a surface phonon resonance at 20 meV17. After dosing Na (K) (Fig.1 curves b. d. f and c, e, g for Na and K respectively) a much stronger and broader peak at about 18 meV (12 meV) appears, reaches its maximum intensity at about l/6 of the saturation coverage and then decreases without shifting in energy (see Fig. 2, 3 and 4) . At the same time the average nearest neighbor distance between adsorbates decreases roughly as Q-ln on Cu( 111) and as 0-l in the direction of the troughs of Cu(1 lO)l8. Since the ratio of the vibrational frequencies corresponding to the Naand the K-induced peaks is very close to the inverse of the * .
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Q=----l3 The results for the vibration energies and the anelastic scattering cross sections of the alkali metals induced losses are summarized in figures 3 and 4 respectively. These values have been obtained fitting the elastic peak and the loss with gaussians. Clearly evident is the independence of the adsorbate-substrate frequency on the coverage (within our experimental accuracy, i.e. 1 meV), with the only exception of K on Cu( lOO), where a 3 meV upward shift is observed for Q< 0.02. These results are in agreement with Ishida's calculations6 and they therefore support his picture of covalent bonding between the alkali atoms and the substrate. We estimate t&t the maximum amount of upward shift in frequency with coverage due to dipole-dipole interaction is less than 1 meV for both adsorbates 19.
On all the surfaces the intensity of the stretching induced peak, normalized to the intensity of the elastic peak, increases roughly linearly with coverage only for coverages less then l/5 of the saturation coverage. A drastic drop in intensity occurs at higher coverages and at l/3 of the saturation coverage the scattering cross section per alkali atom is more then ten times smaller than at l/IO.
This behavior can not be explained considering only long range dipole coupling between the alkali atoms with a constant dynamical dipole moment : in fact, the dashed line in Fig.4 a) represents the intensity computed in this framework19 and diverges strongly from the experimental data. Since the scattering cross section is proportional to the square of the alkali atom dynamical dipole moment20, the strong coverage dependence of the loss intensities points to a large redistribution of the charge in the alkali atoms as the coverage is increased. The electron density rearrangement is also testified by the sharp decrease of the static dipole moment per alkali atom at coverages higher than l/IO of the saturation coverage (for Cu have found at same coverage on the Cu (ll0) surface. According to Ishida's calculations, the charge redistribution is related to the formation of alkali-alkali bonds and does not affect the nature of the adatom-substrate bond 6-7.
An additional strong peak at an energy twice that of the stretching peak is observed at coverages higher than l/6 of the saturation coverage for Na and K on Cu( 111) and Na on Cu(100) (see squares in Fig. 3 and 4) . Detailed studies of the loss spectra in an extended energy range gave no evidence for higher order overtones22. The overtone cannot be explained as a result of a double scattering process, since its relative intensity is clearly not proportional to the square of that of the first loss.
The possibility that the overtone is due to the presence of a strong anharmonicity in the potential energy as a function of adsorbate-substrate distance d can be excluded on the basis of the following arguments: For increasing coverage, our data show that the curve of the potential energy as a function of d maintains a constant curvature at its minimum, while the depth of this minimum decreases, as testified by the reduction of the desorption energy23 when the alkali atom overlayer becomes denser. Therefore the anharmonicity must increase with coverage. This is in agreement with the observed change in the relative intensities of the two peaks. However this explanation is ruled out by the intensity ratio between the second and the first peak (up to 1): assuming a Morse potential for the alkali metal energy as a function of d, such a ratio corresponds to an anharmonicity parameter, Xe, close to 124; this value is two orders of magnitude larger than that obtained from the desorption energy of similar systems (1 -2 eV)23.
The correct explanation for the origin of the second peak has therefore to be sought in the strong nonlinearity of the The data are normalized to the elastic peak intensity. electric dipole moment with d: the dipole moment of an alkali atom is large (about 10 Debye4) at its equilibrium distance from the surface, but vanishes when the alkali atom is far away from the substrate or when the adsorbate is incorporated into the metal. As a consequence, the response function af the alkali overlayer should contain terms at overtone frequencies even if the potential were perfectly harmonic. At intermediate and high coverages on the close packed surfaces the intensity of the overtone is comparable to that of the single phonon peak (see Fig. 4 b and d) . This implies that the quadratic term in the dipole moment versus d relationship should be comparable to the linear term for displacements around the equilibrium position of the order of 0.1 A ( zero point displacement).
Since we could not find any evidence for a third overtone, the cubic term in the dipole moment versus d mlationship must be negligible.
In conclusion we have found that the alkali metal stretching frequency does not change with coverage on the Cu(ll1) and Cu(ll0) surfaces, in agreement with the covalent picture of chemisorption. A second loss is observed at an energy twice that of the alkali metal -substrate stretching mode for coverages higher than l/6 of the saturation coverage. We suggest that this overtone peak is related to a strongly nonlinear term in the relationship between the dynamical dipole moment and the alkali metal position.
